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Abstract
With pronounced arctic warming that is linked to loss of sea ice, sea level rise, and land cover
change, over the coming decades arctic coastal regions are likely to undergo amongst the most
dramatic changes of any ecosystem on Earth. This study used foot surveys and a Differential Global
Positioning System (DGPS) to document at a high spatial (horizontal and vertical) resolution, the
spatiotemporal dynamics of the eroding bluff along the coastline of the Barrow Environmental
Observatory between 2003 and 2009. The coastline consists of an eroding bluff bordered by a shallow
muddy lagoon. The coast is protected from strong waves by a series of barrier islands 7 km offshore.
The barrier islands and lagoon are NW-SE elongate and the longest fetch in the lagoon in which winds
can generate waves, is to the east and southeast. The shoreline is scalloped in shape, with NorthSouth and East-west segments along the scallops. A bathymetric survey shows ridges of sediment that
extend North across the lagoon from the western (North-south oriented) ends of the scallops in the
coastline. Sediment is swept NW along the coast, to the point of the scallops and then North into the
lagoon.
Erosion largely occurs through a combination of processes. Wave undercutting of the bluff can
result in block failure and removal of sediment by wind driven currents. Thermal erosion and slumping
of the bluff is also common in some areas of the coast. Surveys enabled the area and volumetric loss to
be computed. Mean annual rates of coastal erosion are consistent with earlier reports (1-3m/yr) from
the study area, that like this study, reported high rates of variability. Rates of erosion in summer
between June and August were generally higher than those reported for August through the following
June when normalized to the number of ice-free days. Unlike other studies in the region, a slight
decrease in the rate of erosion was observed from year to year and could not be explained by the
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length of the ice-free period. Estimates of sediment input, particularly soil organic carbon to the
marine system are substantially higher than reported by previous studies. Regression tree analysis
suggests high rates of erosion are associated with water depths at a distance two kilometers offshore,
strong winds perpendicular to the coast or from the south-southeast, and where wet and aquatic land
cover types prevail. During survey periods with low windrun, the land cover type became a more
important factor in the rate of erosion. Given the spatiotemporal variability in the rates of erosion
documented and the complexity of the interacting factors controlling erosion, sustained observations
of erosion will be essential to acquire the dataset required to develop process-level understanding and
parameterization of models that could be used to develop forecast scenarios of future coastal states as
this system responds to change.
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1. Introduction
Erosion rates along arctic coastlines are among the highest in the world (Jones et al. 2009,
Jorgenson and Brown 2005). Arctic coastlines are unique in that they are composed of frozen soil with
high water content (Michaelson et al. 2008, Bockheim et al. 1999). With rapid arctic warming, the
vulnerability of arctic coastlines to erosion is increasing as a consequence of higher surface and ocean
temperatures (Wendler et al. 2010), sea ice loss (Stroeve et al. 2008), longer exposure to ice free seas
(Serreze 2007), sea level rise (Proshutinsky et al. 2010, 2004), increased storm occurrence (Sturtevant
et al. 2005) and a number of other factors (Brown 2003, SAC 2010, ACIA 2005). The impact of coastal
erosion on townships throughout the Arctic (Forbes 2011) is motivating advances in research. Arctic
landscapes also contain high concentrations of soil organic carbon (Tarnocai et al. 2009) and loss of this
carbon from a greenhouse inert state in arctic soils to a greenhouse active state in the atmosphere is
considered an urgent science challenge (Schuur et al. 2008). However, the fate of this carbon in the
marine system following erosion and the potential feedbacks to the climate system is poorly
understood (Lantiut et al. 2011).
The Arctic Circumpolar Coastal Observatory Network (ACCO-NET), established by the Arctic Coastal
Dynamics (ACD) project, is an international collaboration with an overarching objective to understand,
identify and measure change in arctic coastal regions and to provide a basis for prediction of future
changes (Forbes 2011, Overduin and Couture 2006, Rachold 2004). This thesis contributes to these
efforts by focusing on the patterns and controls of erosion along the coastline of the Barrow
Environmental Observatory (BEO). The BEO coastline is part of the Arctic Coastal Dynamics initiative
(Rachold 2004), contains historical data dating back to late 1940’s (MacCarthy 1953, Drew 1957, Beal
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1968), and has had a relatively extensive research history (Michaelson et al. 2008, Aguirre et al. 2008,
Brown et al 2003, Jorgenson et al 2005, Graves et al. 2004, Serbin et al. 2004, Bockheim 1999).
This thesis combines a range of multi-temporal field measurements (between 2003 and 2009) and
climatic data to improve the understanding of the dynamics of coastal erosion along the BEO coastline.
Ground surveys that involved walking along the entire 10.8-km section of coast were conducted using
high precision Differential Global Positioning Systems (DGPS). Wind direction and speed were obtained
from the NOAA Earth System Research Laboratory (ESRL – formerly the Climate Monitoring and
Diagnostic Laboratory, CMDL) located approximately 1.3 km inland of the northern end of the study
area. Water depth measurements were collected in the near-shore Elson Lagoon. High resolution
satellite imagery (Lestak et al. 2007) and aerial photographs acquired from helicopter were used to
classify the landscape into different terrain units based on the degree of polygonization. Analyses
examine the seasonal and temporal trends in erosion area and volumetric loss between 2003 and
2009, and the use of regression trees to determine the likely controls on coastal erosion between 2006
and 2009. The remainder of this chapter further describes the changing Arctic System and the purpose
for this study.

1.1 Background and Rationale
The Arctic is a sensitive system that is influenced by minor temperature change. Global
temperatures have risen dramatically since the mid 1970’s and the majority of this change has been
attributed to anthropogenic greenhouse gas emissions and land cover change (IPCC 2007). However,
warming in the Arctic is amplified and this region is experiencing amongst the most dramatic rates of
warming on Earth (IPCC 2007). Climate change appears to be related to a series of dramatic changes in
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terrestrial, marine and cryospheric systems, which include many positive feedbacks to the climate
system.
Within the Arctic, there is significant warming and response of vegetation (greening) in coastal
margins adjacent to regions undergoing substantial loss of sea ice (Bhatt et al. 2010). Increased rates of
coastal erosion can impact communities (Forbes 2011), affect industry (AMAP 2007) and alter
ecosystem structure and function in coastal terrestrial (Jones et al. 2009, Forbes 2011) and nearshore
environments (Dunton 2006). The process of shoreline retreat is enhanced by the undercutting of
coastal bluffs (thermo-erosion notches or niches), block failure and removal of the slumped and
thawed materials by wave action, which could otherwise protect the coast from additional retreat
(Walker 1991, Figure 1). Brown et al. (2003) suggest the frequency, intensity and duration of storms,
and high-water events affect seasonal to multi-decadal rates of retreat, whereas local variability is
generally attributed to bluff elevation, ice and organic contents of exposed sediments, water depth
and wave fetch (Brown et al. 2003). Variation in seasonal soil thaw depths do not appear to play a role
in erosion as regional thaw depths have been relatively consistent during the sample period (Nelson et
al. 2008). Diurnal tidal movements are not considered to influence erosion in the Barrow area because
they typically vary by only 0.3 m (Beal 1968, Mathews 1970).
Arguably the most dramatic impact from climate change in the Arctic is the decreasing extent and
thickness of sea ice (Stroeve et al 2008), allowing longer exposure of coastlines to open water (Lantiut
et al. 2011). It is predicted that a further decrease in ice extent in combination with increased
storminess could increase rates of erosion experienced along arctic coastlines (Atkinson 2005). The
National Snow and Ice Data Center (NSIDC) report that the reduction of sea ice extent has been lowest
in recent years (Serreze et al. 2007). Based on a 30-year (1979-present) satellite observational record,
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estimates for typical sea-ice cover ranged from 14 to 16 million square kilometers during winter period
maxima and 7 million square kilometers during the summer seasonal minima. NSIDC reports that sea
ice reached record low in 2007. Sea-ice minima for that year reached 4.28 million square kilometers
(NSIDC, Stroeve et al. 2008). Models simulating summer sea-ice loss forecast long-term reductions and
eventual complete loss (Holland et al. 2006).

B
D
A

C

Figure 1. Photo taken by Jim Bockheim. This figure depicts the mechanical process of block failure
(A) from the under cutting of wave action (D). Slumping of the coast, thermo erosion (C) is viewable
in the lower right corner of this picture. Foot surveys allow high detail delineation of bluff edge (B).
Additionally, the recent State of the Arctic Coasts report (SAC, Forbes 2011) summarizes the
potentially important implications of sea level rise in the Arctic. Globally sea level has risen by
1.8mm/yr 1961 to 2003 (Richter-Menge et al. 2010, IPCC 2007). In the Arctic, however, sea level rise is
reported to be more than twice this, or approximately 0.48mm/yr (Richter-Menge et al 2010,
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Proshutinsky 2010, 2011). Models forecast sea level to increase anywhere from 0.18m to 0.59m by
2099 (IPCC 2007).
Arctic coastal zones could be amongst the most affected regions on Earth due to climate change
(Lantiut et al. 2011). Arctic coasts are particularly vulnerable to erosion because of their ice-rich
composition (Jorgenson and Brown 2005). Although the importance of coastal erosion has been
observed for centuries by the Inuit people living in the study area (Jensen personal communication
2008), western scientific measurements only date back to 1949 (McCarthy 1953). McCarthy’s early
study for the period 1949 to 1951 along the BEO coastline documented a mean annual erosion rate of
1.3 meters. In 2002 the Arctic Coastal Dynamics (ACD) project began to document rates and causes of
coastal erosion, and to assess their contributions to offshore sediment and carbon budgets and the
impacts on living resources (Rachold 2004). Sites for the ACD exist throughout the circum-polar arctic.
The initial Barrow site included 14 monitoring transects along the BEO Elson Lagoon coast. In 2003,
Brown et al. reported a mean annual retreat of 1.27 meters for the period 1979-2000 using aerial
photography, satellite imagery and field surveys from these transects. In 2004, Serbin et al. used a
Differential Global Positioning System (DGPS) in combination of historical aerial photographs and
satellite imagery to delineate the coast and calculate coastal retreat using geospatial analysis (Serbin et
al. 2004). Calculations by Serbin et al. report a mean loss of 1.26 m/yr for the period 2000-2003. In a
continuation of Serbin’s study, Aguirre et al. conducted similar annual DGPS surveys in 2006 and 2007
and reported mean erosion rates of 2.3 m/yr (Aguirre et al. 2008). The present thesis study continues
the previous study Aguirre et al. 2008.
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1.2 Purpose of Study
Coastal erosion occurs as a consequence of multiple processes occurring concomitantly over
multiple temporal and spatial scales. Coastal erosion near Barrow has been studied extensively over
the last century (Michealson et al. 2008, Aguirre et al 2008, Jorgenson and Brown 2005, Sturtevant et
al. 2005, Graves et al. 2004, Serbin et al. 2004, Brown et al. 2003, Drew 1957). Although well
conceived theoretically (ACIA 2005, Lantiut et al. 2011), evidence supporting increased rates of erosion
in the Arctic remains relatively scant and until recently (Jones et al. 2008) the relationship between
seasonal and inter-annual variations in erosion during ice-free periods has been poorly studied. The
overarching goal of this study is to improve our knowledge of the spatial and temporal changes along
eroding coastlines of the BEO and to assess the relative importance of different factors controlling this.
This study reports seasonal rates of erosion standardized for periods of ice-free days (IFD) within
the Summer and Fall and provides one of the first quantitative analyses of inter-seasonal variability of
erosion in the Arctic. Repeat DGPS surveys have been shown to provide accurate measurements of
coastal erosion (Aguirre et al 2008), and permit not only the accurate calculation of area loss, but also
volumetric loss due to erosion. The latter is particularly important to assess, given the high
concentration of soil organic carbon in the Barrow area (Bockheim et al. 1999), the relatively poor
knowledge surrounding the fate and transport of erosion inputs to the marine system.
Factors identified by Brown et al. (2003) are used as a basis for this study. These include land cover
type, the elevation and orientation of the coastline, offshore water depth, wind direction and speed
and the timing of freezing and thawing of the bluff. This study provides a new analysis of the interplay
between the spatiotemporal dynamics of coastal erosion and the physical and climatic factors
described above. This study has also produced amongst the most detailed near-shore bathymetry map
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of Elson Lagoon to date that complement other bathymetric studies in the area (Brown et al. 2003,
Francis-Chythlook 2004, Overduin, unpublished data 2008). The relative importance of controls on
coastal erosion was analyzed with regression trees to determine the likely controls on erosion.
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2. Study Area
The Barrow Environmental Observatory (BEO) is a 7,466 acre preserve of arctic coastal tundra
(71º19’53’’, 156º34’4”, Figure 2). The land was set aside by the Ukpeagvik Iñupiat Corporation to
facilitate long-term, year-round arctic research projects and international collaboration between the
scientific and local community (www.ukpik.com). The BEO is bounded on the east by the 10.7
kilometer-long Elson Lagoon shoreline. The Elson Lagoon shoreline is an ideal location to observe
changing shoreline conditions because historical data dating back to 1948 is available, sites located
along the coast are associated with the ACD program, and it is situated on the BEO that is focused of
sustained environmental research and observations. The Arctic Coastal Dynamics observatory on the
BEO coastline is divided into four segments with sections A, B and D facing eastward and section C
facing predominantly north. Elevations range from sea level to 4.4m. Water depth in Elson Lagoon
ranges from 0.5 m to 3.5 m and is bounded to the east and northeast by a series of low elevation
barrier islands. Shallow but submerged bars lie at the mouth of most creeks draining from the BEO to
Elson Lagoon and a submerged shoal extends northward from Tekegakrok Point, which marks the
junction between Sections C and D of the coastal observatory (Lewellen 1973). Fourteen permanentlymarked ACD transect sites are oriented perpendicular to the coastline along the Elson Lagoon coast
(see triangles, Figure 2).
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Figure 2. Location of the BEO in northern Alaska near Barrow and the four coastal segments
monitored in ACD.

2.1 Climate
Barrow, Alaska, has long, cold winters. Snow typically begins to accumulate in September and melts
in early June when average daily air temperatures rise above 0°C (Hobbie 1975). Mean winter and
summer temperatures are -26.6°C in February, and 4.7°C in July, respectively (Bockheim et al., 1999).
The mean annual temperature for Barrow is approximately -12.0°C (Lewellen 1973, Oberbauer et al.
2007). Winds are predominantly north and north easterly and have a mean annual speed of 13mph
with 25mph peaks occurring regularly between October and November (Jorgensen and Brown 2005).
Seasonally, erosion begins as soon as the coastal bluffs thaw and Elson Lagoon becomes partially ice-
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free. This generally occurs around July 11th (Craig George, unpublished data). Erosion ceases as bluffs
freeze and the lagoon becomes ice covered, which has occurred around the 8 th of October since 1988
(Craig George, unpublished data).

2.2 Landscape Features
The Alaskan coastal plain landscape is composed of ice wedge polygons, shallow elliptically shaped
lakes, drained lake basins and small ponds (Drew 1957, Brown 1980, Hinkel et al., 2003). Geomorphic
processes within the study area include thermokarst terrain such as low and high centered polygons,
permafrost, and a shallow active layer (Brown 1980). The site is generally underlain by continuous
permafrost that extends to more than 300m below the surface (Brewer 1958, Bockheim and Hinkel
2007, Jorgenson and Brown 2005). The coastal terrain is composed of Seasonally Wet Graminoid
Tundra (GT), Wet GT, Moist GT, Dry Moist and several drier levels of tundra of the region (Tweedie et
al. submitted).

2.3 Soil Properties
The Barrow area is mainly composed of moist and wet tundra with acidic soils (Brown et. al, 1980).
Soils dominating the region are Typic Aquiturbel, Typic Histoturbel, and Typic Aquorthels that make up
53%, 22% and 8.6% of the area respectively (Bockheim et al. 1999). Brown et al.1980) describe the
formation of the coastal plain being related to marine sediments, wind-driven deposits and deposits
associated with rivers and streams of late-Quaternary age. These deposits consist of poorly-to wellsorted mixtures of clay, silt, sand and gravel with lacustrine and fluvial deposits characterizing the
uppermost sediments (Black 1964). Studies by Bockheim et al. (1999, 2004) estimate an average soil
organic carbon content of 50 kg/m³ for these coastal soils. Considerable variability in SOC exists within
individual soil map units. Analysis and estimates were sampled in areas described as high-centered,
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ice-wedge polygon (HCP). HCP varied in SOC content depending on the locality of the HCP. The wedge
trough contained 24 kg/m³, the rim contained 32 kg/m³ and the center of the polygon contained 64
kg/m³ (Bockheim et al 2009). Low-centered ice wedge polygon (LCP) contained SOC levels of 28 kg/m³
within the trough and 83 kg/m³ in the center.
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3. Methods
Survey overview
A total of eight, ground-based surveys along the approximately 10.7 kilometer BEO coastline were
conducted between 2003 and 2009. The initial surveys in 2003 were conducted by Shawn Serbin
(Michigan State University). Surveys between 2006 and 2008 were conducted by Adrian Aguirre
(University of Texas at El Paso) and the 2009 surveys were conducted by Ryan Cody (University of
Texas at El Paso). The eight surveys include five surveys conducted in August (2003, 2006-09) and three
conducted in June (2007-09). All surveys were conducted using a Differential Global Positioning System
(DGPS). Surveys were not conducted in 2004 and 2005.
Repeat surveys provided a means to accurately monitor the geospatial changes of the coastal bluff.
Conducting surveys in early summer, before ice breakup, and late summer, during the open-water
season, allowed for the monitoring and comparison of inter-seasonal erosion during the summer and
fall ice-free periods. Related data used for this study were gathered in the field and from data mining
of climate records. ESRI’s Geographic Information System (GIS) software was used for analysis. The
following section(s) explains the methods and procedures used in the study.

3.1 Differential Global Positioning System Data Collection
Field DGPS surveys of the BEO coastline after 2006 utilized a Trimble NetRS GPS receiver with a
Zephyr Geodetic antenna as a fixed Geodetic GPS base station located at the Barrow Arctic Science
Consortium (BASC, www.arcticscience.org). This base station provides GPS data for differential postcorrection of rover data files at 1 second intervals. This station also broadcasts real-time DGPS
correction to field-rover GPS units within approximately five kilometers and in line of sight of the
location of the Trimble HPB450 via Ultra High Frequency (UHF) radio transmitter. The base station was
12

upgraded in 2005 from the Trimble GPS 5800, which was used during the 2003 coastal survey (Serbin
et al 2004). The rover GPS systems used for 2009, 2008 and 2007 surveys included a Trimble R7 with
internal radio that communicated with the base-station radio transmitter for real-time DGPS correction
whenever possible, and a TSC2 survey controller that logged field data. Field surveys in 2003 and 2006
utilized a Trimble 5700 receiver, Zephyr antenna, and a Trimble TSC1 controller. All DGPS equipment
was provided by UNAVCO (www.unavco.org).
For field surveys, the rover receiver was configured following the method described in Aguirre et al.
(2008) for a standard Trimble backpack configuration where the GPS antenna is mounted on the bluff
side of the backpack (Aguirre et al. 2008, Serbin et al. 2003 ). After antenna height was corrected for
the height of the field observer, this configuration allowed for the location of the horizontal and
vertical position of the coastal bluff edge to be documented with centimeter accuracy. Real Time
Kinematic (RTK) surveys were conducted whenever a line-of-site radio link to the base station was
possible. When RTK surveys were not possible, Post-Processed Kinematic (PPK) surveys were
conducted. These do not require a radio link, but use an unobstructed On-The-Fly (OTF) initialization
period and post-survey differential correction with GPS data logged at the base station to provide field
survey data with centimeter accuracy. For both survey types, the rover receiver was set to log data at
one-second intervals. Surveys for the entire 10.7 km coast usually took a total of 6 hours, plus the time
taken to access the coast. These estimates are not considering the time it would take to hike out to
these bluffs and out nor the collection of other field data.
For PPK surveys, DGPS survey data was downloaded from the controller and imported into Trimble
Geomatic Office Software version 1.63 (TGO) for differential correction. Data from PPK surveys were
processed by downloading base station files that were utilized for differentially correcting data
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collected by the rover GPS unit using standard DGPS correction procedures. Corrected survey data was
exported in text files suitable for ingestion by ESRI’s ArcGIS (Workstation 9.2) Geographic Information
System (GIS) software. RTK data were exported in the same format as described for PPK surveys.

3.2 Geographic Information System Data Processing
Processed DGPS survey data were imported to ArcGIS as X, Y and Z point data and saved to a point
shapefile. Erroneous points that resulted from poor GPS signal when field personnel traversed small
coastal gullies were removed. Using the polyline conversion tool in the ArcGIS extension AlaskaPak
Version 2.0 created by the National Park Service for ArcGIS 9.2, point shapefiles were converted to
polyline shapefiles. For each survey, the length of the coastline was computed for each of the four
monitoring segments using the attribute data field calculator tool associated with the ArcGIS polyline
tool (Table 1). Using the polyline shapefiles as a determinant location of the coastal bluff at each
survey time, polygon shapefiles were created to establish the area of coastline lost to erosion for each
monitoring segment for the following seven survey periods: Aug 03 – Aug 09, Aug 03 to Aug 08, Aug 03
– Aug 07, Aug 03 – Aug 06, Aug 03 – Jun 07, Aug 03 – Jun 08, and Aug 03 – Jun 09. The area of each
polygon shapefile was computed using the calculate area command from ArcGIS Toolbox (Table 2).
Rates of erosion were calculated for each survey period by subtracting the total area of a preceding
survey period from that of the most recent survey period (Table 2). To enhance inter-comparison of
erosion rates between segments of different lengths and different sampling periods, results were
normalized by the length of the coastal segment at the earliest survey within a given survey period and
reduced to the number of ice-free days (IFD) spanning the Aug 03 to Jun 06, Aug 07 to Jun 08, and Aug
03 - Jun 09 periods (Table 2).
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3.3 Calculation of Volumetric Loss
The Digital Shoreline Analysis System (DSAS) v3.2 has become a standardized tool for the analysis
of coastal erosion data (Thieler et al. 2009, Jones et al. 2008). DSAS was created by the United States
Geological Survey (USGS) as a GIS extension tool for calculating the rate of shoreline change from a
time series of shoreline positions. This is executed by generating perpendicular transects at a user
defined frequency from the most recently surveyed coastal position offshore to the oldest coastal
position (Thieler et al 2009). In this study, transects were created at 20-meter intervals and were made
long enough to intersect the oldest coastal position in a given survey period. This method was used for
the segmentation analysis of August surveys between 2006-2009. Transects and shoreline shapefiles
were merged as a single polyline feature, which was then converted to a polygon shapefile feature
with segmented polygons. The area for each segmented polygon was computed using the attribute
data field calculator tool associated with the ArcGIS polygon tool.
DSAS exports tables with a value for the distance between the intersections of two coastlines along
each transect. These tables include X, Y coordinates of each intersection and were displayed in GIS.
Employing the same methods used to create the initial coastlines, the points of intersection were
converted into a single polyline feature. Using the ETGeowizard extension tool, the line was split at
each intersection point creating a polyline feature composed of many individual lines that represent a
proxy, and the shortest distance between two intersection points for a given survey period. The
azimuth for each line was computed by uploading a script created by ETGeowizard into the attribute
data field calculator tool associated with the ArcGIS polyline tool. This method had to be employed
because the Calculate Azimuth tool from ETGeowizard does not calculate azimuth for polygon
shapefiles. After running the script, the azimuth for each individual line was acquired. The attribute
data fields containing azimuth were spatially joined to the polygons with which they were associated.
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The product was a polygon feature that contained values of area, and azimuth for each individual
polygon.
Initial point shapefiles created from the DGPS field surveys, were plotted in GIS over the segmented
polygon shapefiles described above. Using Analysis Tools within Arc Toolbox, tables for the point
shapefile, which included elevation, were spatially joined to the polygon perimeter they intersected.
This union of tables provided elevations from both the oldest surveyed and the most recent coastal
elevation for each polygon. Tables were exported as ‘.dbf’ files which were then converted to excel
files. These were imported into Microsoft Access where the mean elevation for each polygon segment
was calculated. Polygon segments were treated as block units for the calculation of volume. Volumetric
losses were calculated using the formula below.
Area loss (m²) x Elevation (m) =Volume loss (m³)

3.4 Assessing the Controls of Coastal Erosion
Erosion studies in the Arctic and elsewhere have previously included factors such as land form and
landscape history, prevailing climatic conditions, water depth as being important controls of coastal
erosion (Jorgenson and Brown 2005, Brown et al. 2003). Methods used for classifying the terrain of the
BEO coastline, and deriving the climate of a given survey period, and the water depth of the nearshore environment are outlined below, as are the analytical methods used to determine factors
controlling erosion of the BEO coastline.
In August 2008, aerial photographs of the BEO coastline were taken from a helicopter using a SLR
Canon Rebel XSI camera with a 17-55 mm lens. Using these aerial photographs in combination with
2002 quick bird panchromatic satellite imagery (Manley et al. 2002), a recent land-cover map produced

16

by Tweedie et al. (submitted) for the Barrow area, and a terrain classification scheme for polygonized
tundra given in Drew (1957), we assigned polygon classes for each coastal segment recorded in each
survey period.
Meteorological data was retrieved from the National Ocean and Atmospheric Administration’s
(NOAA) Earth System Research Laboratory (ESRL) Global Monitoring Division. ESRL meteorological data
is recorded at a station near the northern boundary of the BEO at high frequency and made available in
text files as 1-minute averages. Data were reduced to hourly averages in Microsoft Access. Using these
data, total wind run for each coastal segment and survey period was calculated for three directions - 060, 60-120, and 120-180 degrees relative to the azimuth of each segment for periods with ice-free
open water in Elson Lagoon. Windrun is the measurement of the amount of wind passing a point in
space during a given period of time. Open-water periods were defined based on field observations of
Dr. Craig George (North Slope Borough Wildlife Department) and included August 11, 2006 to October
07, 2006; July 07, 2007 to August 11, 2007 (summer 2007 loss), August 12, 2007 to October 17 2007
(fall 2007 loss); July 06, 2008 to August 10 2008 (summer 2008 loss); August 11, 2008 to October 17
2008 (fall 2008 loss); and July 07, 2009 to August 15 2009 (summer 2009 loss). Interactions between
ocean wave energy and coastal retreat appear to be directly related for many locations in the Arctic
(Couture et al 2008, Overduin et al. 2008). Couture et al (2008) discussed wave energy behavior as it
interacts with the ocean seabed.

Currently detailed knowledge of the Elson Lagoon seabed

topography is limited. In 2001 hydrographic surveys were conducted in the lagoon perpendicular to
Arctic Coastal Dynamic (ACD) key monitoring sites (Brown et al. 2003). Offshore bottom profiles were
created using a single beam Ross 950 hydrographic survey kit. Although this method provided useful
information, it was limited in extent to the vicinity of only several ACD transect lines. Other
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bathymetric models have been created for the lagoon (Francis-Chythlook 2004), but lack the resolution
to be integrated with the field data provided in this study.
In the summer of 2007 and 2008, an Ohmex SonarMite Airmar P66 single beam echo sounder
instrument was mounted on the transom of an aluminum boat and was driven in transects parallel and
perpendicular to the Elson Lagoon coastline, collecting water depth data every second. This instrument
provided depth data at known times. The instrument was crosschecked in multiple water depths by
dropping a weighted tape to measure depth adjacent to depths measured with the depth sounder into
the lagoon. Comparisons between the depth sounder and the manual measurement showed an error
of less than 5cm
Before undertaking field data collection, navigation routes were planned and GPS coordinates were
uploaded to a Garmin Navigation76C handheld GPS unit, which was programmed to log data every
second. All surveys were conducted during calm weather conditions when little to no wind was
blowing and wave action was minimal. The goal of these surveys was to sample as much of the coastal
waters adjacent to the BEO in Elson Lagoon as time and weather permitted. Routes for the 2007
season consisted of four transects that were run parallel to the BEO coastline. The first sampled as
close as possible to the coastline (ca. 50 meters), the second at 500m, the third at 1km, and the fourth
at 3.5km (approximations using the measure tool in GIS). In the summer of 2008, depth data was
collected in a zigzag pattern that crossed each of the 2007 survey lines.
GPS data from the Garmin 76C was downloaded using a Department of Natural Resources Garmin
(DNR Garmin) GIS extension tool. Survey points were displayed and exported as an Excel spreadsheet
with the latitude, longitude and time stamp. Data from the echo sounder were exported and sent to
USGS headquarters in Anchorage, Alaska, where they were processed by Ben Jones and converted into
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Excel spreadsheets that provided the depth and the time stamp for each survey point. The GPS and
depth data were then fused in Microsoft Access using a query that linked both tables based on the
time stamp. The resulting fused data table was imported to ArcGIS as X, Y, Z point data and saved as a
point shapefile. Data was reduced to a ten-point subset and krigged to create a rasterized bathymetric
map of Elson Lagoon adjacent to the BEO (Figure 21).

3.5 Statistical Analysis
To explore the relative importance of different land form, water depth, atmospheric and climatic
drivers on rates of coastal erosion, a series of eight decision tree analyses were performed using the
data sets described above as inputs. Khier et. al. (2008) describes regression tree analysis as a practical,
informative and is easy to use procedure to interpret data. Several studies have used regression tree
analyses to explore the presence of ecological thresholds (Khier et al. 2008 reference Michaelson et al.
2004, Franklin 1998, and Kandrika 2008). Because coastal erosion is a process that involves multiple cooccurring physical and atmospheric factors the use of regression tree analyses was used to identify and
explain controlling factors related to areal and volumetric erosion losses in the study area. All statistical
analysis was performed using JMP 8.0 (SAS Institute, Inc. Cary NC). In total, eight regression trees were
created for this analysis (Table 4), and were based on the annual August survey data between 2006
and 2008. Two analyses (areal and volumetric loss, respectively) included all data for all years (20062009). For the other six decision-trees, the dataset was split by year (ending 2007, 2008, 2009) to
determine the relative importance of inter-annual variability. All factors were included in the analysis
except for elevation when running decision-trees for volumetric losses (elevation was used in the
calculation of volume).

19

3.6 Arctic Coastal Dynamics Line Transect
The establishment of the 14 ACD coastal erosion monitoring transects (Fig. 2) oriented
perpendicular to the coastline has been previously described by Jorgenson and Brown (2005) and in
Brown et al. (2003). In August 2002, 2003, 2006, 2007, 2008 and 2009, the distance from fixed markers
along these linear transects to the edge of the coastal bluff was recorded along with thaw depth at
each meter from the marker points. These measurements were made on the same day as the August
DGPS surveys described above for all survey dates after 2002. These survey methods do not permit the
geospatial elucidation permissible with repeat DGPS surveys, but they are easy to perform, are part of
the long-term ACD monitoring protocol, and are an excellent measurement to cross-check with
calculations of erosion derived from DGPS surveys.
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4. Results
This chapter presents results for the temporal change in the length of coastal segments and area
and volume loss to erosion, and the factors controlling erosion. Table 1 summarizes the length of each
coastal section and the cumulative area and volumetric loss to erosion for each survey at each section
of coastline. Cumulative ice-free days, area and volumetric loss, and the total length of the coastline
for all sections combined are also given for each survey in Table 1. Table 2 summarizes the area lost to
erosion between sampling periods for each section and normalizes these data by Ice Free Day (IFD) and
the mean length of each section at each of the surveys bracketing a given survey period. Table 3
summarizes volumetric loss in each section for the three August to August sampling periods between
2006 and 2009. Volumetric loss has been normalized by IFD and the length of each section as per Table
2.
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Table 1. Length of coastline, cumulative area and volumetric loss, and cumulative Ice Free Days (IFD) for each survey at
each coastal section as well as the entire study area. Volumetric loss was calculated for August 2006-2009 only.
Survey:
Section
A
Length of coastline (m)
Cumulative area loss (ha)
Cumulative volumetric loss (m3)
B
Length of coastline (m)
Cumulative area loss (ha)
Cumulative volumetric loss (m3)
C
Length of coastline (m)
Cumulative area loss (ha)
Cumulative volumetric loss (m3)
D
Length of coastline (m)
Cumulative area loss (ha)
Cumulative volumetric loss (m3)
Total Cumulative IFD
Length of coastline (m)
Cumulative area loss (ha)
Cumulative volumetric loss
(m3)

Aug2003 Aug2006 June2007 Aug2007 June2008 Aug2008 June2009 Aug2009
2923
2774
2683
2710
2734
2509
2725
2725
0.00
1.41
1.55
1.61
1.84
1.96
2.03
2.23
.
0
.
4779.44
.
12800.8
.
19022.5
1666
1658
1568
1633
1603
1618
1642
1670
0.00
0.46
0.77
0.95
1.08
1.14
1.20
1.30
.
0
.
17054.7
.
24094.5
.
29053.1
3449
3464
3377
3419
3426
3223
3429
3446
0.00
1.67
1.73
1.92
2.05
2.09
2.07
2.23
.
0
.
10205.1
.
16637.3
.
22216.1
2643
2728
2651
2667
2927
2722
2723
2810
0.00
4.66
4.95
5.31
6.22
6.64
6.68
7.00
.
0
.
12447.1
.
40756.2
.
50053.7
0
275
328
370
428
469
527
563
10681
10624
10279
10429
10690
10071
10520
10651
0.00
8.20
9.01
9.80
11.18
11.83
11.97
12.76
.

0

.
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44486.3

.

94288.8

.

120345

Table 2. Area loss for each survey period including normalized rates for loss per IFD and mean length of each section in surveys
bracketing a given survey period. The mean and standard deviation of losses reported for Summer and Fall survey periods are also
given.

Section

Survey Period:

A

Area loss (m2)
Area loss/ IFD (m2/IFD)
Area loss/ IFD/ length
coast (m2/km/IFD)
Area loss (m2)
Area loss/ IFD (m2/IFD)
Area loss/ IFD/ length
coast (m2/km/IFD)
Area loss (m2)
Area loss/ IFD (m2/IFD)
Area loss/ IFD/ length
coast (m2/km/IFD)
Area loss (m2)
Area loss/ IFD (m2/IFD)
Area loss/ IFD/ length
coast (m2/km/IFD)
Number IFD
Summer/Fall survey
period
Area loss (m2)
Area loss/ IFD (m2)
Area loss/ IFD/ length
coast (m2/km/IFD)

B

C

D

Total

Aug 03 -Aug Aug 06 - June 07 - Aug 07 - June 08 - Aug 08 - June 09 - Mean
Stdev
06
June 07 Aug 07 June 08 Aug 08 June 09 Aug 09 Summer Summer
14143
1375
600
2257
1201
712
2017
1273
711
51
26
14
39
29
12
56
33
21

Mean
Fall
1448
26

Stdev
Fall
775
13

18.1

9.5

5.3

14.3

11.2

4.7

20.6

12.3

7.7

9.5

4.8

4584
17

3160
60

1796
43

1282
22

588
14

569
10

1015
28

1133
28

613
14

1670
31

1338
26

10.0

37.0

26.7

13.7

8.9

6.0

17.0

17.5

8.9

18.9

16.1

16652
60.6

667
12.6

1918
45.7

1225
21.1

470
11.5

-212
-3.7

1601
44.5

1330
33.9

761
19.4

560
10.0

724
12.6

17.5

3.7

13.4

6.2

3.4

-1.1

12.9

9.9

5.6

2.9

3.7

46592
169

2919
55

3619
86

9041
156

4180
102

400
7

3259
91

3686
93

464
8

4120
73

4444
76

63.1

20.5

32.4

55.7

36.1

2.5

32.7

33.7

2.0

26.2

27.1

275

53

42

58

41

58

36

40

3

56

2.89

NA

Fall

Summer

Fall

Summer

Fall

Fall

Fall

81971
298

8121
153

7933
189

13805
238

6439
157

1469
25

7892
219

7421
188

851
31

7798
139

6174
107

108.7

70.6

77.9

89.9

59.6

12.1

83.2

73.6

12.4

57.5

40.5
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Summer Summer Summer

Table 3. Volumetric loss for each August-August survey period between 2006-2009 including
normalized rates for loss per IFD and mean length of each section in surveys bracketing a given
survey period. The mean and standard deviation of losses of all survey periods are also given.
Section Survey Period:
A
Volume loss (m3)
Volume loss/ IFD
(m3/IFD)
Volume loss/ IFD/
length coast
(m3/km/IFD)
B
Volume loss (m3)
Volume loss/ IFD
(m3/IFD)
Volume loss/ IFD/
length coast
(m3/km/IFD)
C
Volume loss (m3)
Volume loss/ IFD
(m3/IFD)
Volume loss/ IFD/
length coast
(m3/km/IFD)
D
Volume loss (m3)
Volume loss/ IFD
(m3/IFD)
Volume loss/ IFD/
length coast
(m3/km/IFD)
Total Number IFD
Volume loss (m3)
Volume loss/ IFD
(m3/IFD)
Volume loss/ IFD/
length coast
(m3/km/IFD)

Aug 06-Aug 07 Aug 07 - Aug 08 Aug 08-Aug 09 Mean
4779.4
8021.3
6221.7
6340.8

Stdev
1624.2

50.3

81.0

66.2

65.8

15.4

18.3

31.0

25.3

24.9

6.4

17055

7040

4959

9684.4

6467.1

179.5

71.1

52.8

101.1

68.5

109.1

43.7

32.1

61.6

41.5

10205

6432

5579

7405.4

2461.9

107.4

65.0

59.3

77.2

26.3

31.2

19.6

17.8

22.9

7.3

12447

28309

9298

131.0

286.0

98.9

172.0

100.0

48.6

106.1

35.8

63.5

37.5

95
44486

99
49803

94
26057

468.3

503.1

277.2

416.2

121.6

207.2

200.5

110.9

172.9

53.8
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16684.6 10189.6

96.0
2.6
40115.1 12461.9

4.1 Changes in Coastal Morphology
As coastlines become more irregular in shape, which may occur when rates of erosion are more
rapid in one area of the coastline than another, the length between two given points along the coast
increases. Table 1 details the length of each of the four coastal sections at each survey time. The length
of the coastlines for sections A, B, C, and D were longest in August 2003, August 2009, August 2006 and
June 2008, respectively, and shortest in August 2008 for section A and C, June 2007 for section B, and
August 2003 for section D. Percentage change relative to the length of each section in August 2003 and
cumulative percentage change in coastline length are given in Figures 3 and 4, respectively. Regression
analyses assessing the change in the length of coastline for each section over time indicated no
significant trend. However, cumulative percentage change from one survey to the next suggests
section A became shorter in length over time whereas section D increased in length over time (Figure
4). These results indicate the irregularity of Sections A and D are decreasing and increasing,
respectively. Sections B and C and all sections combined showed a slight decrease in length over time
(Figure 4).
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Figure 3. Percentage length of coastline at each survey period relative to the length in August
2003.

Figure 4. Cumulative percent difference in the length of coastline relative to the length in August
2003 .
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4.2.Erosion Loss – Area and Seasonality
Cumulative area loss to erosion is given in Table 1 and Table 2 for detailed area losses for each
survey period including normalized losses for IFD and length of coastline. Cumulative area loss
between August 2003 and 2009 was greatest for section D (7 ha) followed by sections A, C (2.23 ha
each) and B (1.3 ha) with a total loss of 12.76 hectares lost for all sections combined (Table 1). The rate
of cumulative area loss appears to be slowing as indicated by the second order polynomial trendline fit
to cumulative loss plotted against cumulative IFD (Figure 5, P < 0.01). For all survey periods, area loss
was greatest in Section D followed by Sections C, A and B (Table 2). When normalized for IFD and
length of coastline, mean area loss per survey period was greatest for section D (33.7 m2/km/IFD),
followed by section B (17.5 m2/km/IFD), A (12.3 m2/km/IFD) and C (9.9 m2/km/IFD). Although highly
variable, area loss normalized to IFD and length of coast was greatest for Summer than Fall survey
periods overall and for all sections except for section B, which showed little difference between season
(Summer 17.5 +8.9 m2/km/IFD, Fall 18.9 +16.1 m2/km/IFD). The largest percentage difference for
seasonal area loss was recorded for section C, which had more than three times the rate of area loss in
Summer versus Fall survey periods. Below, Figures 6, 7 and 8, visually pinpoint areas of high erosion for
periods August 2006-07, August 2007-08, August 2008-09 respectively.
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Figure 5. Cumulative area loss for each section and all sections combined (Total) versus
cumulative IFD over all survey periods (2003-2009).

28

Figure 6. Area loss 2006-2007
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Figure 7. Area loss 2007-2008
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Figure 8. Area loss 2008-2009
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4.3 Erosion Loss - Volume
Cumulative volumetric loss to erosion is given in Table 1 and Table 3 and provides details of
volumetric losses for each August-August survey period between 2006 and 2009. Normalized
volumetric losses for IFD and length of coastline are also given in Table 3. Cumulative volumetric loss
between August 2006 and 2009 differed to that reported for area loss with the greatest loss reported
for section D (50,053 m3), followed by sections B (29,053 m3), C (22,216 m3) and A (19,023 m3). A total
loss of 120,0346 (check total) m3 was observed for all sections and survey periods combined. Figure 10
pinpoints Section B as an area of high volume loss for the period between Aug 2006-07. Figure 11
highlights Section D with of high volume loss and Figure 12 (Aug 2008-09) shows a slowing of volume
loss in all sections. The rate of cumulative volumetric loss appears to be slowing as indicated by the
second order polynomial trendline fit to cumulative loss plotted against cumulative IFD (Figure 9, P <
0.01). Mean volumetric loss normalized for IFD and length of coastline was greatest for section D (63.5
+37.5 m3) followed by sections B (61.6 +41.5 m3), A (24.9 +6.4 m3), and C (22.9 +7.3 m3; Table 2).
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Figure 9. Cumulative volumetric loss for each section and all sections combined (Total) versus
cumulative IFD over the August-August survey periods between 2006 and 2009.
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Figure 10. Volume loss 2006-2007
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Figure 11. Volume loss 2007-2008

35

Figure 12. Volume Loss 2008-2009
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4.4 Controls on Erosion
For all years, regression trees accounted for more variability in erosion rates expressed as area loss
than volumetric loss (Table 4). Regression trees on yearly sample data explained more variability in
area loss than volumetric loss in 2008 and 2009, but not for 2007. Variability explained for area loss in
yearly surveys was greatest for 2008 followed by 2007 and 2009, and for volumetric loss the most
variability was explained for 2007 followed by 2008 and 2009. When erosion rates were low,
regression trees explained less variability on the driver of erosion (Table 4). Generally, the variability
explained by the regression trees was greatest when rates of erosion were the greatest (Table 4). For
ease of reporting regression trees for area and volume for all years, values are described only for the
first ten splits. Regression trees are typically read from right to left, from top to bottom, whereby a
split to the right explains higher rates of erosion than a split to the left, and higher or top or splits
explain higher rates than bottom splits.
Table 4: Decision tree r² values. For datasets containing all years combined, 50 splits were
executed. For yearly datasets, 10 splits were executed.
Year
All
2007
2008
2009

Mean erosion rate (m/yr)

Area (r²)
.43
.53
.71
.40

1.71
1.97
.96

Volume (r²)
.24
.61
.51
.37

4.4.1 Area loss
The top 10 nodes of the regression tree for area loss for data from all years explained 43% of the
variability (Table 4) in the dataset and as given in Figure 13. Area loss was greatest where the water
depth at 2000m from the coast was greater than 2.48m (split 1) and windrun from the north was less
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than 3150km (split 2). Where depth at 2000m from the coast was less than 2.48m (split 1), erosion was
greatest where windrun perpendicular to the coast exceeded 6833km (split 3), depth 2000m from the
coast was less than 2.28m (split 4) and the polygon class was F (split 5). Where the polygon class was
not class F (split 6), coastal segments with polygon class E had the next greatest rate of erosion (split
6). Where the polygon class was not class E (split 6), erosion was greatest where windrun from the
south was less than 20515km (split 7), and the azimuth of the coast was less than 156 degrees (split 8).
Where depth 2000m from the coast was less than 2.28m (split 4), erosion was greatest where water
depth 500m from the coast was greater than 1.23m (split 9). Where windrun perpendicular to the
coast was less than 6833km (split 3), erosion was greatest where water depth 1000m from the coast
was greater than 2.11m (split 10). Table 5 below is describes the naming for the parameters used for in
regression trees.
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Table 5. Parameters used for RT analysis. Elevation not included in volumetric RT analysis.
Parameters

Methods

Short Name

Section 3.2-3.3

AZM

Bluff Elevation *

Section 3.3

Elev

Polygon Classification

Section 3.4

Pol_X (A-F, W)

Time of freeze and thaw EL

section 3.4

N/A

Bathymetric Depth

Section 3.4

B_XXXX (100m-2km offshore)

Wind Run

Section 3.4

WR_X (A-C)

Orientation of Segments
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Split 1

Split 2

Split 3

Split 4

Split 10

Split 5

Split 9

Split 6

Split 7

Split 8

Figure 13. Regression Tree area loss 2006-2009. R2 = 0.43.
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The regression tree describing area loss for 2007 is described in Figure 14. Factors describing
the greatest area loss was water depth at 100m from the coast being more than 2m deep (split 1),
water depth at 300m from the coast being less than 1m (split 2) and elevation of the coast being
greater than 2.5 m (split 3). When water depth at 300m from shore were less than 1m (split 2),
depths 500m offshore greater than 2m had the greatest rates of area loss. When water depth
500m offshore (split 4) was less than 2m, coastal azimuth less than 163 degrees (split 5), water
depth at 300m offshore less than 1.5m deep (split 6) and coastal elevations greater than 2.05m
(split 7). When polygon class is not B (split 1), water depths 500m offshore greater than 1.23m
explained the next greatest area loss (split 8). When water depth offshore is less than 1.23m deep,
coastal elevation greater than 3.22m explained the next greatest rate of area loss (split 9). When
coastal elevations where less than 3.22m in height, coastal azimuth greater than 173 degrees was
the next most important factor controlling area loss (split 10).
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Split 1

Split 2

Split 8

Split 4

Split 9

Split 10

Split 3

Split 5

Split 6

Split 7

Figure 14. Regression Tree Area Loss 2006-2007. R2 = 0.61.
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The Regression tree describing area loss for 2008 is shown in Figure 15. Offshore water depth
2000m from the coast greater than 2.5m deep (split 1), with polygon class not being class A (split
2) and water depth at 2000m offshore less than 2.66m deep (split 3) showed the most influence
on erosion for this year. When polygon class was A (split 2), water depth 2000m offshore less than
2.8m deep was the next greatest influence to erosion (split 4). When water depth 2000m offshore
less than 2.5m deep (split 1), coastal segments with polygon class E (split 5), wind run from the
south less than 31811km (split 6) had the greatest rates of erosion. For polygon classes other than
class E (split 5), segments that were not polygon class C (split 7), wind run from the north less than
3755km (split 8), and an elevation less than 1.69m (split 9) explained the greatest areal loss. When
segments were polygon class C (split 7), water depth greater than 2.13m 1000m from the coast
(split 10) explained the greatest loss.
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Split 1

Split 5

Split 2

Split 7

Split 10

Split 6

Split 4

Split 8

Split 9

Figure 15. Regression Tree for Area Loss for 2007-2008. R2 = 0.51.
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Split 3

The Regression tree for area loss in 2009 is given in Figure 16. Water depth greater than 2.13m
1000m offshore (split 1), and wind run from the north less than 5186km (split 2) explained the
highest rates of erosion. When wind run from the north was greater than 5186km (split 2),
polygon class F was the next most important factor (split 3). When water depth 1000m offshore
was less than 2.13m deep, area loss was greatest when coastal azimuth was greater than 124
degrees (split 4), Water depth 300m offshore was less than 1.0m in depth (split 5) and Water
depth 2000m offshore was greater than 2.31m in depth (split 6). When water depth offshore
2000m was less than 2.3m in depth (split 6), water depth at 500m offshore less than 1.18m deep
(split 7) explained the highest rates of loss. When water depth offshore 300m was less greater
than 1m deep (split 5), it was water depth 2000m offshore less than 2.0m deep (split 8) that
explained the greatest area loss. If offshore water depth at 1000m from the coast was less than
2.13m deep (split 1), coastal azimuth less than 124 degrees (split 4) and azimuth less than 28
degrees (split 9) explained the highest area loss. When the coastal azimuth was greater than 28
degrees (split 9), water depth less than 1.6m at 300m from the coast (split 10) explained the
greatest rates of erosion.
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Split 1

Split 4

Split 9

Split 10

Split 2

Split 3

Split 5

Split 8

Split 6

Split 7

Figure 16. Regression Tree Area Loss 2008-2009. R2 = 0.37.
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4.4.2 Volumetric Loss
The regression describing controls on volumetric loss for all years is given in Figure 17.
Volumetric loss was greatest where polygon class was F (split 1) and windrun perpendicular to the
coast was greater than 18480.34km (split 2). Where windrun perpendicular to the coast was less
than 18480.34km (split 2), loss was greatest when windrun from the south exceeded 31811.80km
(split 3). When polygon class was not class F (split 1), Water depth at 500 meters from the coast
greater than 1.26m (split 4) and water depth at 300m from the coast less than 1.00m (split 5)
explained the highest volumetric losses. Where depth at 300m was greater than 1.00m (split 5)
erosion was greatest when wind run from the north less than 2923.14km (split 6). When windrun
from the north was greater than 2923.14km (split 6) but less than 5374.59km (split 7) rates of
erosion were next greatest. Rates of volumetric loss were next greatest when water depth at
500m was less than 1.26m (split 4), wind run from the south greater was greater than 18480.34km
(split 8), and when wind run perpendicular to the coast was greater than 16037.58km (split 9).
When wind run from the south was less than 18480.34km (split 8), water depth at 100m from
shore greater than 1.06m rates of volumetric loss were lowest.
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Figure 17. Regression Tree for Volume Loss 2006-2009. R2 = 0.24.
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The regression tree describing volumetric loss for 2007 is given in Figure 18. Wind run from the
south greater than 11688.12(split 1), costal azimuth greater than 143 degrees (split 2), and
offshore water depth less than 2.30m deep (split 3) had second greatest rates of erosion. When
the azimuth of the coastline was less than 143 degrees (split 2), loss was greatest when water
depth 100m offshore was greater than 1.53m deep (split 4). When water depth 100m offshore
was less than 1.54m deep, volumetric loss was greatest when depth 500m offshore was 1.26m
deep (split 5). If depth 500m offshore was less than 1.26m deep, wind run from the north greater
than 2801.52 km explained the next highest rates of erosion (split 6). When wind run from the
south was less than 11688km (split 1), water depth depth less than 1.77m deep 2000m offshore
(split 7), depths greater than 2.02m 1000m offshore had the highest rates of erosion (split 8). If
offshore water depth at 1000m was less than 2.02m deep (split 8), offshore water depth at 500m
greater than 1.13m deep was the next most important factor controlling volumetric loss (split 9). If
offshore water depth at 2000m from the coast was greater than 1.77m deep (split 7) water depth
100m offshore less than .82m deep explained the next greatest rates of volumetric loss.
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Figure 18. Regression Tree Volume Loss 2006-2007. R2 = 0.53.
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Split 3

Figure 19 gives the regression tree for volumetric loss in 2008. Water depth at 2000m from the
coast greater than 2.53m deep (split 1) and polygon class that was not class A (split 2) had the
greatest volumetric losses. When offshore water depth at 2000m was less than 2.53m in depth
(split 1), loss was greatest when wind run from the south was greater than 21358.64km (split 3),
and water depth 300m offshore was less than 0.82m deep (split 4). When water depth 300m
offshore was greater than .82m deep (split 3), polygon class that was not C defined erosion (split
5). When wind run from the south was less than 21358km (split 3), and polygon class E prevailed
(split 6) loss was next greatest. When Polygon class was not class E (split 6), water depth 500m
offshore deeper than 1.23m (split 7) and wind run from the north was less than 3965 (split 8)
explained the next highest rates of erosion. Loss was next greatest when depth 500m offshore
water depth was less than 1.23m deep (split 7) and greater than 1.2m 1000m offshore (split 9),
water depth 1000m offshore less than 2.2m in depth (split 9) and greater than 1.05m 100m
offshore (split 10) explained the next highest rates of erosion.
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Figure 19. Regression Tree volume loss 2007-2008. R2 = 0.71.
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The regression tree explaining volumetric loss for 2009 is given in Figure 20. The highest rates
of erosion occurred where there was polygon class F (split 1). When polygon class was not F (split
1), erosion was greatest when wind run from the south was greater than 13425km (split 2),
windrun from the north was less than 5186km (split 3), and water depth 500m offshore was less
than 1.18m (split 4). When depth 500m offshore was greater than 1.8m (split 4), volumetric loss
was greatest water depth 100m from shore was greater than 0.80m deep (split 5). When windrun
from the north was greater than 5186km (split 3), erosion was greatest when water depth 500m
offshore was less than 1.61m in depth (split 6) and depth 100m offshore was greater than 1.50m
(split 7). Erosion was next greatest when wind run from the south was less than 13425km (split 2),
depth 500m offshore was greater than 0.93m (split 8) and depth 100m offshore was less than
0.81m deep (split 9). Volumetric loss was then explained by water

depth 100m offshore

exceeding 0.81m (split 9), and windrun from the south being less than 7636km (split 10).
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Figure 20. Regression Tree volume loss 2008-2009. R2 = 0.4.
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5. Discussion
Similar to other recent studies focused on coastal erosion along Elson Lagoon (Aguirre et al.
2008, Brown et al. 2003, Serbin et al. 2004), this study documents substantial spatial and temporal
variability in coastal morphology and rates of erosion over time. Within the 2003-2009 study
period, all coastal sections eroded, with the rate of erosion varying dramatically between years
and seasons for a given section. Nonetheless, rates of erosion documented in this study are
comparable to those that have used linear transect methods (Aguirre et al 2008, Brown et al.
2003) and GIS interpolation (Brown et al. 2003, Francis-Chythlook & Brown 2005, Serbin et al.
2004) in the same area. Contrary to earlier trends reported by Brown et al. (2003, Sturtevant et al.
2004), this study also documented higher rates of erosion during the ‘Summer’ survey period than
the Fall survey period for most sections and survey periods.
To better understand factors controlling the spatiotemporal variability in the patterns of
coastal erosion along the Elson Lagoon coastline, an analysis of the interplay between physical and
climatic factors were considered. These included the differences of land cover type, elevation and
orientation of the coastline, offshore water depth, and for wind direction for periods of ice-free
days relative to the azimuth of the coastline, and wind speed, which have been documented as
being important controls or drivers of erosion in the region (Brown et al. 2003, Jones et al. 2008).
Regression tree analysis do not allow for derivation of causation. Instead they are intended for the
discovery of tipping points and correlations with environmental drivers. In this study, regression
trees suggest that the spatiotemporal variability in erosion rates appear to be strongly controlled
by a gamut of factors that interact concomitantly and differ in their relative importance,
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depending on the physical geography of the coast and nearshore environment, and the dominant
climatic conditions within a given ice free period.
The DGPS survey method employed for this study demonstrated a proven capacity to document
and to further understand small-scale spatiotemporal patterns and processes associated with
coastal erosion. Compared to line transect methods and digitizing of satellite or air-borne imagery
in GIS, DGPS methods offer several distinct advantages. DGPS surveys appear to be more costeffective than the acquisition and georectification of aerial or satellite imagery. In some instances,
the challenge of acquiring imagery at desired time intervals due to cloud cover and weather that
limits flying (sensu Stow et al. 2004) can be overcome. Disadvantages include the time consuming
nature of the field surveys, the limited length of the coast that can be manageably surveyed, and
the training required for acquiring and post-acquisition data processing.

5.1 Spatial and Temporal Patterns of erosion
Change in the length of a coastline over time is a result of spatially uneven rates of erosion,
whereby one section of coast erodes quicker than another. Regression analyses assessing the
change in the length of coastline for each section over time indicated no significant trend.
However, cumulative percentage change from one survey to the next suggests sections A, B and C
became shorter in length over time whereas section D increased in length over time (Figure 4).
The regression tree analyses suggest that, especially during survey periods with relatively low
rates of erosion, the degree of polygonization of the coastal margin was an important control on
erosion. Higher rates of erosion occurred where polygon classes F and E prevailed (low centered
polygons and poorly defined polygons typically associated with wet vegetation). High centered
polygons, which are typically associated with drier land cover types (Tweedie et al. submitted),
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appear to be associated with lower rates of erosion. One possible explanation for change in the
length of coastline – particularly section A and D, therefore, is that the wetter land cover types are
eroding faster than the dry land cover types. Section A, generally has drier land cover present than
section D, except for the area near Tekegakrok Point, which has prevalent high centered polygons.
The regression tree analyses also show that other factors, such as elevation of the coast, could
also be important and a contributing factor in some situations.
Contrary to Jones et al. (2009) and Aguirre et al (2008), who reported rates of erosion to be
increasing over time, the cumulative rate of area loss appears to be slowing (Figure 5). Because
the study area is somewhat protected from wave action due to the presence of the offshore
barrier Islands, it is difficult to relate erosion rates in this area to sea ice cover in the Beaufort Sea,
where a record low cover was reported for 2007 (Stroeve et al. 2008). There appears to be little
difference in annual sea ice cover in Elson Lagoon between survey periods that may also explain
this trend. It is likely that the decreased rate of erosion over time could be related to one or two
years with high erosion rates between 2003 and 2006 that were not surveyed and that the recent
rates of erosion are more typical. Only sustained, annual monitoring and assessment will provide
the results needed to answer this question.
From 2003-2009, area loss was greatest in Section D followed by Sections C, A and B (Table 2).
When normalized for IFD and length of coastline, mean area loss per survey period was greatest
for section D, followed by section B, A and C. Although highly variable, area loss normalized to IFD
and length of coast was greater for Summer than it was for Fall, except for section B, which
showed little difference between season (Table 2). The largest percentage difference for seasonal
area loss was recorded for section C, which had more than three times the rate of area loss in
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summer versus fall. These indications of coastlines eroding more during the summer than the fall,
contradict other reports of erosion rates being highest in the fall when wind speeds and
temperatures are generally higher (Brown wt al. 2003, Sturtevant et al. 2004). Together, these
initial observations serve as important contributions to future development of a dynamic
landscape model for the BEO and other barrier island protected coast lines.

5.2. Extrapolating to losses of Soil Organic Carbon
Increased input of soil carbon to the marine system can alter marine nutrient cycling, water
quality, turbidity and habitat. Efflux of carbon dioxide and other greenhouse gases to the
atmosphere can also have a strong feedback to the climate system. Dunton et al. (2006) suggest
that in the eastern Beaufort Sea, coastal erosion and river discharge are largely responsible for
introducing high concentrations of sediment from upland regions into the near-shore zone and
that terrestrial carbon contributes as much as 30-50% of the total dietary requirements of
amphidromous fish. Several studies have linked the density of soil organic carbon (SOC) in the
study area with erosion estimates to estimate total input of SOC into Elson Lagoon (Michaelson
2008, Brown 2003, Bockheim 1999). In the first of these studies, Brown et al. (2003) calculated
annual sediment inputs from erosion of the BEO coast by applying a value of 50% average groundice, a mean elevation of 2.5m above sea level (masl) and a mean erosion rate of 1.27 m/yr, which
yielded an annual sediment input of 1,600 m3/km (Table 6). To refine this estimate to SOC, Brown
et al. (2003) used the SOC density of 50kgC/m³ from Bockheim et al (1999) to derive an annual
input of 63,500 kg C/km (Table 7). The authors explain that carbon occurring below one meter in
depth was not considered in their estimates of carbon input because the majority of soil and
buried peats are observed to occur within the upper meter. Estimates for organic carbon input to
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the lagoon for the four segments varied from 32,500 to 137,500 kg C/km, depending on their
length.
Table 6. Estimates of sediment Input to Elson Lagoon

Sediment

Published Rates

Author

Ice Content

Elevation (m)

Erosion (m/yr)

Meters

(m3/km)

(m3/km)

Brown et al. 2003

0.5

2.5

1.27

1000

1587.5

1600

Michaelson et al. 08

0.74

1.4

1

1000

1036

1002

This study

0.74

2.7

1.95

1000

3896.1

3608
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Table 7. Estimates of soil organic carbon input to Elson Lagoon.

Calculated

kgC/yr Study

Published

Length km

kg C/km

area

kg C/km

1000

10.6

63500

673100

63500

1

1000

11.74*

98000

1038800

98000

1.95

1000

10.6

122850

1302210

Elevation

Erosion

C kg/C/m2

(m)

(m/yr)

Meters

50

1

1.27

et al. 2008

70**

1.4

This study

63

1

Author

Brown

et al. 2003

Michaelson

* in Michaelson they report 63 kg/C/m², but to arrive at 98000 one must use 70 kg/C/m² as
in this table.
Recently, Michaelson et al (2008) presented a detailed analysis of soil profiles at six sites along
Elson Lagoon. In their report, exposures averaged 74% water and ice content, 24% higher than
that assigned by Brown et al (2003, Table 6). They estimate an average of 78 kg C/m² spanning an
average elevation of 1.4 masl for the six sites. When these exposures were analyzed to a depth of
a meter - to enhance comparison with Brown et al (2003), estimates decreased to 63 kg C/m². The
total organic material input to the lagoon reported by Michaelson et al. (2008) is 98,000 kg C/km
assuming one meter of eroded bank (Table 7). This erosion estimate is almost half the mean rate
of 1.95 m/yr we recorded between 2003 and 2009, so Michaelson’s estimate should be
considered low. We assumed an even distribution of one meter along the whole length of the
coast.
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If the same values for ground ice and SOC density estimated by Michaelson et al. (2008) are
used following the formula described by Brown et al. (2003), a total of input of 3,896 m³/km
annual sediment input is derived (Table 6). Estimates of volumetric loss due to erosion in this
study are 4,197 m³/km for 2006-2007, 4,698 m³/km for 2007-2008 and 2,458m³/km for 2008-2009
(total volume loss from Table 3 divided by length of coast ~ 10.6 km). The mean annual sediment
input over all years is 3784 m³/km. Estimates, for 2006-2007 and 2007-2008, are almost triple the
amount calculated by Brown et al (2003) and the mean over the 2006-2009 period is just over
twice that estimated by Brown et al. (2003). When combined with the carbon content of 63 kg C/
m² from Michaelson et al. (2008), a total annual input of 122,850 kg C/km annual average carbon
input is derived, and a total input for the entire coastline of the study are is 312,784 kg C,
314,141 kg C, and 160,331 kg C for 2006-07, 2007-08 and 2008-09, respectively. Mean annual
input over the 2006-09 period is estimated to be 262,419 kg C/km. These are more than double
the rate reported by Brown et al. (2003), and approximately 40% higher than that estimated by
Michaelson et al (2008), largely because of the increased rate of erosion documented and used in
the calculations of losses for this study.
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5.3. Factors Controlling Erosion
Of the five factors associated with the highest rates of erosion in the regression tree analysis
for total area loss over 2006-2009, the most important variable appeared to be water depth
greater than 2.48 meters at 2000m offshore (Figure 13). The next most important variable was
windrun from the north that was less than 3150km (split 2) and where depth at 2000m from the
coast was less than 2.48m (split 1), erosion was explained most by windrun perpendicular to the
coast exceeding 6833km during the ice-free period (split 3). The next most important factor
explaining erosion dynamics was land cover, specifically polygon class F (split 5), which is low
centered polygons and poorly defined polygons typically associated with wet vegetation. Area
loss between August 2007 and August 2008 were higher than any of the other study periods with
loss being most prominent in section D (Table 2, Figure 7), which has deep water offshore and is
comprised of relatively wet vegetation types (Figure 21) that is typical of polygon classes F and E,
which are also areas of lower elevations. Areas of lower erosion rates appeared to have drier land
cover types present, typical of high centered polygons. Examining the top five splits from the
regression tree for this time period (Figure 15), area loss is explained, again, primarily by the
offshore water depth 2000m from the coast and at depths greater than 2.5m (split 1), land cover
type polygon class A which are typically associated with drier land cover types and defined
polygonal structure and land cover type polygon class E which contains similar characteristics as F,
which is low centered poorly defined polygons typically associated with wet vegetation. Similar
drivers of erosion were identified by Jorgenson and Brown (2005).
Factors explaining volumetric loss between 2006 and 2009 are shown in Figure 16. Volumetric loss
was greatest where polygon class F was present (split 1) and windrun perpendicular to the coast
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was greater than 18,480 km (split 2). Where windrun perpendicular to the coast was less than
18480km (split 2), loss was greatest when windrun from the south exceeded 31811.80 km (split 3).
When polygon class was not class F (split 1), Water depth at 500 meters from the coast greater
than 1.26m (split 4) and water depth at 300m from the coast less than 1.00m (split 5) explained
the highest volumetric losses. As for factors explaining area losses, volumetric losses for years
2006-2009, are explained principally by land cover type (polygon class F), windrun and water
depth. Volumetric loss was greatest between August 2007 and August 2008 (Table 3). During
survey periods with low wind run, the relative importance of land cover type in controlling erosion
appeared to increase.
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Figure 21. BEO Land Cover (derived from Tweedie et al. (submitted) and Water depth (this study).
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5.4. Considerations for Future Work
Arctic coastlines are likely to undergo among the greatest change of any ecosystem on earth
as a result of sea ice decline, rising sea levels, thawing permafrost, land cover change and human
development (Lantiut et al 2011, Forbes 2010). Studies like this present one are important to
continue to further understanding of spatiotemporal dynamics of erosion and factors controlling
these dynamics. Other directions for future research that could build from this study include:


Sustained twice-annual foot DGPS surveys conducted along the coast to understand the
long-term spatial and temporal (trends, interannual and seasonal variability) of erosion.



Extend the survey area to monitor longer stretches of coastline and with different
characteristics.



Elson Lagoon is protected by barrier islands to the northeast and east and it is difficult to
assess their impact without examining erosion rates in coastal sections where there is no
such protection.



More detailed analysis on the interplay of coastal erosion and land cover and landscape
type is needed to further understanding of the characteristics and mechanisms of these
features that underpin the differential erosion trends documented in this study. This is
especially the case with the interaction between ice content of the underlying permafrost,
surface soil moisture and microtopography.



Arctic tundra is carbon rich and large quantities are stored as buried carbon in the
permafrost. Also needed are more studies of multi-scale changes in the content and rate of
trace gas fluxes like carbon dioxide and methane that are potentially released to the
atmosphere as erosion progresses.
65



Involving the local community to a greater extent – especially local elders who have longterm knowledge of coastal dynamics in the region, and who draw on other traditional
ecological knowledge to add different dimensions to coastal erosion research in the area.



Develop mechanistic models useful for forecasting change based on rates of change
documented in this study area and the factors that appear to control erosion as described
above.



Extend mapping efforts of offshore water depth further to determine if sediments from
terrestrial landscapes are interacting with currents to develop new water features that
may change over time and influence coastal erosion in the future.



Develop collaborative ties with marine ecologists and geomorphologists to trace the fate
and transport of eroded sediment and nutrients in the near-shore marine system.
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6. Conclusion
The overarching objective of this project is to identify and measure change in arctic coastline
and to improve our understanding of related coastal processes. This study provides high
resolution analysis of land and marine spatial data. The Differential Global Positioning Systems
approach employed provides a high-accuracy method to track coastline changes and to compute
area and volumetric losses due to erosion. With the application of DGPS, spatial variability is
better determined and areas of higher erosion are identified. This allows us to further explore
questions as to why some areas are more vulnerable than others. This study is conducted at a
local scale and attempts to address those issues. Atmospheric data used for this analysis included
wind speed and direction. Data describing physical factors of the coast included water depth
measurements of Elson Lagoon, land cover, annual rates of erosion and [a visual pin pointing] for
areas of high rates of erosion. The rates of coastal erosion documented in this study, like others in
the Barrow area, confirm highly variable rates over time and space. This thesis more completely
documents results for the temporal change in the length of coastal segments and area and volume
loss to erosion. It provides visualizations created from large datasets, to highlight and pinpoint
areas of high and low erosion over time and space. It also provides a bathymetric visualization of
the Elson Lagoon based on the most detailed near-shore bathymetry of Elson Lagoon to date that
complement other bathymetric studies in the area and serves as a major stepping stone for
further analysis. This study documents and supports the hypothesis that coastal erosion is not
caused by a single factor, but rather it is controlled by an interplay of different factors acting
concomitantly. Further research though is needed to better affirm the primary controls of coastal
erosion along this and similar sections of arctic coastline. Our analysis show that during periods of
low erosion rates, land form is plays as an important driver. In periods of high erosion, water
67

depth and windrun explain for these higher rates. This study provides a new analysis of the
interactions between the spatiotemporal dynamics of coastal erosion and the physical and
climatic factors as described above. Studies like this one are important to continue in order to
further understanding of spatiotemporal dynamics of erosion and factors controlling these
dynamics.
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